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16a Sunday, February 16, 2014composition in the vesicles and not the lipids in the bulk bilayer, suggesting
that KvAP has a preferential affinity to the lipids it comes in contact with first.
It also shows that there is very limited exchange of the annular lipids around
the channels. Even with time and at higher temperature, lipids from the bilayer
did not mix with those of the vesicles, suggesting a strong channel-lipid inter-
action or confinement of lipid molecules to a microdomain around the channel.
The annular lipids in immediate proximity of the VSD determines the mid-
activation point of KvAP. Additionally, a bulk effect from positively charged
lipids forming the bilayer affected the slope of the conductance-voltage curves.
Here, the energy barriers and thus the kinetic rates of pore opening and
entering the inactivated state are affected. This effect could be neutralized
by addition of counter charges to the bilayer. Our results suggest that the bind-
ing site proposed also for other Kv channels has a similar affinity for different
phospho- and non-phospholipids whereas exchange with bulk lipids is very
restricted. Apart from the structural information, this has also implications
on the experimental design when working with membrane proteins reconsti-
tuted in planar lipid bilayer.
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In an attempt to understand at the atomic level the structure-function correla-
tions that define a working Kþ channel, it would be ideal to provide structural
snapshots of a given channel as it transitions along its kinetic cycle. Here, we
present a full atomic description for the kinetic cycle of KcsA, the archetypal
pore domain of a Kþ channel. The simplest kinetic cycle that defines the func-
tion of KcsA involves its transition through at least 4 distinct kinetic states:
closed-conductive (C/O)/ open-conductive (O/O)/ open-C-type inactivated
(O/I) / closed-C-type inactivated (O/I). We incorporated in a 4-state kinetic
cycle (a) the high- and low-Kþ concentration structures of KcsA, believed to
represent structural snapshots for KcsA’s C/O and C/I states, respectively1;
and (b) two new and unpublished structures of KcsA with the activation gate
locked-open, while bearing a point mutation that either obliterates (E71A) or
accelerates (Y82A) C-type inactivation. This allowed us to complete the
simplest structure-driven kinetic cycle for KcsA. The high-resolution structures
of KcsA’s O/O and O/I states provide unparalleled structural information that
lends a novel molecular explanation for C-type inactivation gating. A compre-
hensive functional and structural analysis will be presented.
Funding: L.G.C. NIH 1RO1GMo97159-01A1 and Welch Foundation BI-1757
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The slow delayed rectifier current (IKs) is a key repolarizing potassium current
in the cardiac action potential. IKs is composed of KCNQ1 which forms the
tetrameric voltage gated pore subunit and KCNE1, a single transmembrane
domain accessory subunit, proposed to reside in the channel’s exterior cleft.
KCNE1 imposes a dramatic regulation on KCNQ1, significantly delaying
opening compared to the unchaperoned channel. Here, we have investigated
this interaction using the UV-crosslinking unnatural amino acid, p-benzoyl-
L-phenyl alanine (pBpa). pBpa was genetically incorporated into KCNE1 at
residue F57 in the transmembrane domain using the amber stop codon
(TAG) suppression system. Successful incorporation into KCNE1-F57TAG
was confirmed by a lack of functional IKs current in transfected cells not sup-
plemented with pBpa. Characterization of the pBpa-incorporated channel
complex revealed a right shifted V0.5 of activation compared to wild-type
(þ27 mV vs. þ14 mV). Channels were UV-irradiated in the closed state by
applying a 300 ms light pulse at 90 mV followed by a 4s activation step
(þ60 mV). A diary plot of the peak current vs. UV-exposure with repeated
exposure revealed a rapid decrease in available current compared to UV-
treated wild-type channels. This indicates the permanent closure of channels
by crosslinking. Application of UV at the end of a 4s activation step (þ60
mV) produced an immediate downward deflection in current and resulted in
a slower rate of channel crosslinking compared to the closed-state UV treat-
ment. This suggests that KCNE1 can revisit a closed-state orientation during
channel activation and is then trapped in the closed-state by the covalentcrosslink. These findings provide new insight into the interactions that regu-
late the IKs channel complex.
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S4-based Voltage-Sensor Domains (VSD) regulate ion channels and enzymes
by transporting electrically-charged residues across a hydrophobic VSD
constriction referred to as ‘‘gating pore’’ or ‘‘hydrophobic plug’’. How the
gating pore controls the gating charge movement remains presently debated.
Here, by characterizing over 100 gating pore mutations in the Shaker Kv chan-
nel VSD using gating current measurements, we uncovered non-ambiguous
quantitative correlations between the voltage-dependence and kinetics of the
VSDmovement and the hydrophobicity or size of the side chains present at spe-
cific positions. Importantly, our results strongly suggest that a necessary small
residue at position S240 (in S1) creates a ‘‘steric gap’’ that delineates an intra-
cellular access pathway for transport of the gating charges. In addition, two
large side chains at positions F290 (in S2) and F244 (in S1) contribute to sta-
bilize the VSD in its activated conformation using a ‘‘molecular clamp’’ mech-
anism. This process is strengthened by a hydrophobic lateral chain at position
I237 (in S1) acting as an intracellular ‘‘hydrophobic wedge’’ that impedes deac-
tivation of the gating charges. This work sheds light on critical physico-
chemical principles underlying the transduction of electrical signals by
voltage-sensor domains. Supported by NIH-GM030376.
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Polyunsaturated fatty acids are known to dramatically change the structural and
dynamic properties of membrane bilayers, and to modulate the properties of
membrane proteins, most notably the GPCR Rhodopsin that resides in rod outer
cell membranes greatly enriched in docosahexaenoic acid (DHA). We previ-
ously showed that DHA exhibits unique lipid-protein interactions with
Rhodopsin and hypothesized that increased DHA-Rhodopsin contacts come
at the expense of helix-helix interactions in the protein. This model explains
the experimentally observed lowering of Rhodopsin’s unfolding temperature
with increasing polyunsaturation and suggests a novel mechanism by which
DHA lowers the energy of activation to the light adapted state by destabilizing
the ground state. To further test this idea we have constructed MD simulations
of model transmembrane helices in lipid bilayers composed of saturated dipal-
mitoylphosphatidylcholine (DPPC) and of polyunsaturated 1-palmitoyl-2-do-
cosahexaenoylphosphatidylcholine (PDPC), lipids chosen based on their
essentially identical hydrophobic thickness. For each lipid we have computed
the potential of mean force as a function of helix-helix distance. To address
the substantial sampling challenges posed by slow relaxation of peptide and
lipid conformations we employed replica exchange umbrella sampling after
generating independent lipid starting configurations for each window. Using
thermodynamic integration, with mean forces averaged over greater than one
microsecond of simulation, we found a significant difference for the dimeriza-
tion energy of the two lipids. The helix-helix association energy is greatly
diminished in the DHA containing membrane, consistent with our stated hy-
pothesis. By decomposing the mean force into contributions from helix-helix
and membrane-helix interactions we found that DHA disrupts attractive inter-
actions between the helices. These results highlight the importance of the lipid
bilayer, and in particular short-range direct lipid-protein interactions, in modu-
lating the structure and function of membrane proteins.
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Channelrhodopsin is a light-gated cation channel whose reaction cycle involves
proton-transfer reactions. Understanding how channelrhodopsin works is
